Regular physical activity (PA) reduces the risk of developing type 2 diabetes by 15--60%. In cross-sectional and prospective studies, PA of light intensity as well as moderate to vigorous intensity have been related to a better glucose homeostasis ([@B1]--[@B3]), whereas other studies have found overall PA to be the main determinant of insulin sensitivity ([@B1],[@B4]). Although some of the current evidence linking PA with glucose homeostasis has been established in large studies with prospective designs ([@B2],[@B5]), epidemiological studies have traditionally used PA measures obtained by self-report methods, which are subject to bias. Even though heart rate monitors and accelerometers have increased in popularity as PA measurement methods ([@B6]), both have disadvantages in the assessment of PA ([@B7]). In contrast, PA monitors combining heart rate monitoring and accelerometry have shown to give more precise estimates of PA than the subjective methods and the separately measured accelerometry and heart rate ([@B8]). Even though the use of the combined PA monitors is increasing, no studies have yet studied the association between habitual PA as measured with these monitors and detailed glucose homeostasis measures in larger population-based studies. Previous epidemiological studies have investigated the association of PA measures with glucose homeostasis based on fasting and 2-h samples of glucose and insulin ([@B1],[@B2],[@B4],[@B9]). The use of more detailed indices of insulin resistance and β-cell function, based on a 3-point rather than a 2-point oral glucose tolerance test (OGTT), may lead to deeper insight into the pathophysiological derangements that precede and lead to diabetes ([@B10]). Since subtypes of dysglycemia may show different associations with PA ([@B5]), including specific indices of peripheral insulin sensitivity, hepatic insulin resistance, β-cell function, and the absolute insulin response to a glucose load may provide a more detailed picture of the association of PA and glucose homeostasis. Furthermore, glycated hemoglobin A~1c~ (HbA~1c~), which reflects the average glucose level over a longer period of time, has been suggested to be modifiable by exercise of moderate to vigorous intensity ([@B11]). Another measure of the even longer-term load of protein glycation is the skin accumulation of advanced glycation end products (AGE~skin~), which is in part affected by hyperglycemia ([@B12]). AGE~skin~ has, in type 2 diabetes patients, been postulated to be associated with HbA~1c~ in cross-sectional studies and with cardiovascular disease and cardiovascular mortality in prospective studies ([@B13],[@B14]). It is not known whether PA affects levels of AGE~skin~, or whether associations of PA with HbA~1c~ and AGE~skin~ point in the same direction.

The current study tests the hypothesis that higher PA levels, as measured by a combined accelerometer and heart rate monitor, are associated with a better glucose metabolic profile. In order to better understand the pathophysiological pathways linking PA and glucose homeostasis, we described the PA levels in a population at high risk of developing diabetes and examined the association of accelerometer- and heart rate--assessed PA energy expenditure (PAEE) during everyday life with various glucose homeostasis markers and long-term glycemia in a cross-sectional design. Furthermore, we studied the course of glucose and insulin during a 3-point OGTT by different levels of PAEE.

RESEARCH DESIGN AND METHODS {#s1}
===========================

Study design {#s2}
------------

We performed a cross-sectional analysis based on PAEE and glucose homeostasis measurements at the 6-year follow-up health examination of a population at low to high risk of developing diabetes, recruited based on a stepwise screening procedure in 2001--2006 ([@B15]). People with different elevated diabetes risk profiles at the time of screening, but without diabetes, were invited to participate in the follow-up health examination (the ADDITION-PRO study) ([@B16]). Health examinations took place from 2009 to 2011 at four centers in Denmark. The study was approved by the ethical committee of the Central Denmark Region (journal no. 20080229) and was conducted in accordance with the 1996 Helsinki Declaration. All participants provided written informed consent.

Study population {#s3}
----------------

In total, 4,188 people were invited to the ADDITION-PRO study. Of these, 2,082 people (50% of invited) participated and underwent a health examination. A full description of the invitation procedure and the baseline diabetes risk groups (combined impaired fasting glycemia and impaired glucose tolerance, isolated impaired glucose tolerance, isolated impaired fasting glycemia, high diabetes risk but normal glucose tolerance, and elevated, moderate, and low diabetes risk) have been defined elsewhere ([@B16]). For the present analysis, participants with incident diabetes since screening (*n* = 329) and participants fasting \<8 h prior to the health examination (*n* = 11) were excluded. Of the 1,742 remaining participants, only participants with valid data in the outcome variables (markers of glucose homeostasis and long-term glycemia) were included in the present analysis (*n* = 1,531) ([Supplementary Fig. 1](http://care.diabetesjournals.org/lookup/suppl/doi:10.2337/dc12-2671/-/DC1)).

Measurement methods {#s4}
-------------------

Information on age (years) and sex was derived from the unique Danish civil registration number. Employment status (yes/no), alcohol consumption (units per week, 1 unit = 12 g of pure alcohol), and smoking status (current smoker/never smoker/ex-smoker) were obtained from a self-report questionnaire completed at the ADDITION-PRO examination day. Height in meters was measured without shoes to the nearest millimeter using a stadiometer (Seca, Hamburg, Germany), and weight in kilograms was measured and rounded to the nearest 0.1 kg, using a Tanita scale with the participants wearing light indoor clothes but without shoes (Tanita Corporation Inc., Tokyo, Japan). Clothes were estimated to weigh 0.5 kg, and thus this weight was subtracted from the total weight. Waist circumference, in centimeters, was measured to the nearest millimeter, at the midpoint between the lower rib margin and the iliac crest using an unstretchable tape measure without any pressure on the skin.

### PA. {#s5}

PA was measured using a combined accelerometer and heart rate monitor (ActiHeart; CamNTech Ltd., Cambridge, U.K.) ([@B17]). To ensure individual calibration of the heart rate to PA intensity, a submaximal step test was performed on the day of the health examination. The 8-min step test was administered from the ActiHeart software to indicate the cycles of stepping up and down a 20.5-cm step bench (Rucanor Europe B.V., Nieuwerkerk, the Netherlands). The stepping frequency ranged from 15 to 33 step cycles per minute over the duration of the test, followed by a 2-min recovery period (sitting). After participants had completed the step test, the monitor was set up to record long-term PA, registering movement and heart rate every 60 s. The monitor was placed horizontally on the participant's chest with two standard electrocardiogram electrodes (Maxensor, Alton, U.K.), one at the lower part of the sternum and the other one to the left on the same horizontal level, as laterally as possible. Participants were asked to wear the monitor for 7 days and nights and to maintain their usual PA pattern during the period. Participants additionally completed a PA questionnaire, a modified (Danish) version of the recent PA questionnaire ([@B18]), asking about type, frequency, intensity, and context of PA performed in the last 4 weeks prior to the health examination. Additionally, as part of the general questionnaire, participants categorized their typical leisure time PA (modified from Saltin and Grimby \[[@B19]\]) as *1*) mainly sedentary (e.g., reading or watching television or movies); *2*) low PA level, engaging in light physical activities for \>4 h per week (e.g., leisurely walking, leisurely cycling, light do-it-yourself tasks, light house chores, table tennis, and bowling); *3*) moderate PA level, engaging in sports or exercises minimum three times per week or vigorous leisure time activities (e.g., heavy gardening); or *4*) high PA level, engaging in competitive sports or long distance running several times per week.

### Glucose homeostasis markers. {#s6}

At the health examination, venous blood samples were drawn after a verified overnight fast (≥8.0 h). After this, participants drank a glucose drink (75 g glucose dissolved in 250 mL water) as part of a standardized OGTT, with blood samples drawn 30 and 120 min after the glucose intake. Plasma glucose (0, 30, 120 min) was determined using the Hitachi 912 system (Roche Diagnostics, Mannheim, Germany) from 2009 to April 2010. From April 2010, glucose was assessed using the Vitros 5600 system (Ortho Clinical Diagnostics, Illkirch Cedex, France). Since the agreement between the methods was modest, all Vitros values were converted to the Hitachi values, using the regression equation from a method comparison (adjusted glucose value = original glucose value + 0.2637/0.983). Serum insulin (0, 30, 120 min) was determined by an immunoassay method (AutoDELFIA; PerkinElmer, Waltham, MA). HbA~1c~ was determined by high-performance liquid chromatography (TOSOH G7, Tokyo, Japan). AGE~skin~ was assessed using skin autofluorescence (AGE Reader SU; Diagnoptics Technologies B.V., Groningen, the Netherlands). Glycemic indices were derived from glucose and insulin measures from the OGTT. Measures of insulin resistance were derived from homeostasis model assessment of insulin resistance: HOMA-IR (mmol/L ⋅ mU/L) = fasting plasma glucose (mmol/L) × \[fasting plasma insulin (pmol/L)/6.945\]/22.5 ([@B20]). The insulin sensitivity index (ISI~0,120~) was calculated according to Gutt et al. ([@B21]) to give an estimate of insulin sensitivity in the peripheral tissues. β-Cell function was determined by calculating the disposition index (DI) ([@B22]). To do this, first-phase insulin release was calculated as described by Stumvoll et al. ([@B23]). DI was then calculated using the following formula: DI = first phase insulin release~Stumvoll~ × ISI~0,120~. Absolute insulin response to the glucose load was determined by calculating the insulinogenic index~t30min~ ([@B24]).

Data processing {#s7}
---------------

### PA measures. {#s8}

Heart rate and accelerometry measures from the ActiHeart monitor were downloaded to the manufacturer's software ([www.camntech.com](http://www.camntech.com)). Noisy heart rate measures were reduced and periods of nonwear were inferred from the combination of nonphysiological heart rate and prolonged periods of inactivity (to minimize diurnal information bias when summarizing the intensity time series into PAEE measures), using the procedure published by Stegle et al. ([@B25]). PA measures were derived by combining minute-to-minute heart rate and accelerometry measures using a "branched equation model" ([@B17]). The relation between heart rate and PAEE was calibrated using data from the individually performed submaximal step test. Based on 1,046 ADDITION-PRO participants with a valid step test, a "group calibration" was derived based on regression coefficients from the heart rate--to-PAEE relationship. This group calibration was then used to calibrate the relation between heart rate and PAEE for participants who did not perform the submaximal step test, including information on sex, age, and sleeping heart rate of the individual ([@B26]). Accelerometry data were converted to energy expenditure using equations corresponding to walking or running ([@B26]). The 2005 Oxford Model ([@B27]) was used to estimate basal metabolic rate. ActiHeart provided minute-by-minute measurements of PAEE in kJ/kg. From these, the fraction of time (per hour) spent in PA intensity groups, expressed as multiples of predicted resting metabolic rate (METs), was derived. All measures were summarized to daily measures. Only measures from participants with a minimum of 24 h of ActiHeart wear time were considered valid for the present analysis. From the recent PA questionnaire, time (hours per week) spent in different activities was computed.

Statistical analyses {#s9}
--------------------

For all explanatory variables, we performed multivariate imputation by chained equations procedure ([@B28]), using 50 imputations. We examined the association of daily PAEE (kJ/kg/day) with the different glucose homeostasis markers and long-term glycemia using multiple linear regression analyses. We adjusted for baseline diabetes risk group based on the results of the ADDITION-Denmark stepwise screening procedure performed in 2001--2006 ([@B15]) to control for different invitation procedure and as an indicator of participant clinical history. Further adjustments included age, sex, employment status, smoking, and alcohol consumption. Furthermore, due to the potential confounding role of obesity on the link between PA and glucose homeostasis, adjustments for waist circumference were included in the full model. Waist circumference (a measure of central adiposity) was chosen, since central adiposity has been suggested to be a better predictor of diabetes than general obesity (as measured by BMI) ([@B29]). Repeated measures of glucose and insulin (at 0, 30, and 120 min during the OGTT) were analyzed by a random-effects mixed model with a random slope of time since glucose intake. The plasma glucose and serum insulin trajectories for different levels of PAEE were plotted over time since glucose load, accounting for age, sex, and diabetes risk group. All statistical analyses were performed in R statistical software, program version 2.15.0.

RESULTS {#s10}
=======

Demographical, clinical, and behavioral characteristics for the study sample are presented in [Table 1](#T1){ref-type="table"}. The median (25th--75th percentile) ActiHeart wear time was 6.9 days (6.0--7.1). Median PAEE was 33 kJ/kg/day (23.5--46.1), amounting to 2,591 kJ/day for a person weighing 78.5 kg (median weight of the study population). Over 24 h, 72% of the time was spent ≤1.5 METs (including sleeping), 23% of the time was spent with light intensity activities (\>1.5 to 3.0 METs), and 5% was spent with PA of moderate to vigorous intensity (≥3 METs) ([Table 2](#T2){ref-type="table"}). The majority of the population (66%) reported a leisure time characterized by low PA level, e.g., walking, cycling, and light home activities ([Table 2](#T2){ref-type="table"}), whereas one-quarter of the population reported having a moderate PA level during leisure time, participating in sports or exercising more than three times per week. Only 9% of the population reported to have leisure time characterized as mainly sedentary. Median values of glucose homeostasis markers revealed a population with incipient deterioration in glucose metabolism ([Table 1](#T1){ref-type="table"}).

###### 

Demographical, behavioral, and clinical characteristics of the ADDITION-PRO population (*n* = 1,531)

![](3062tbl1)

###### 

ActiHeart-assessed and self-reported PA characteristics of the ADDITION-PRO population (*n* = 1,531)

![](3062tbl2)

In models adjusting for age, sex, diabetes risk group (at baseline screening), occupation, alcohol intake, and smoking status, PAEE was positively associated with ISI~0,120~ and negatively associated with 2-h plasma glucose, plasma serum insulin (0, 30, 120 min), and HOMA-IR ([Table 3](#T3){ref-type="table"}, model 2). After additionally adjusting for waist circumference, these associations remained significant for 120-min plasma insulin and ISI~0,120~ only ([Table 3](#T3){ref-type="table"}, model 3).

###### 

Associations of daily PAEE with glucose homeostasis markers (*n* = 1,531)

![](3062tbl3)

[Figure 1](#F1){ref-type="fig"} illustrates the effects shown in the previous models for an example of a 66-year-old man in the baseline diabetes risk group "high diabetes risk but normal glucose tolerance." The modeled values indicate a more rapid glucose uptake with higher PAEE level ([Fig. 1*A*](#F1){ref-type="fig"}), whereas the insulin response to the glucose load is lower the higher PAEE levels ([Fig. 1*B*](#F1){ref-type="fig"}).

![Glucose concentration (mmol/L) (*A*) and insulin concentration (*B*) per time since glucose load for a man 66 years of age with baseline high diabetes risk but normal glucose tolerance by different PA levels (10--70 kJ/kg/day) (black = 10 kJ/kg/day; light gray = 70 kJ/kg/day).](3062fig1){#F1}

CONCLUSIONS {#s11}
===========

We found that in a population at low to high diabetes risk, objectively assessed PA levels were generally of light intensity but nonetheless positively associated with insulin sensitivity and negatively associated with insulin concentration 2 h after glucose load.

PA patterns {#s12}
-----------

We found the median PAEE level to be 33 kJ/kg/day, equaling 2,590 kJ/day for a person weighing 78.5 kg. In comparison, Vaughan et al. ([@B30]) found slightly lower mean PAEE (∼2,190 kJ/day) in a slightly older (mean age, 71 years) American population, as measured by a respiratory chamber method. In different European populations, PAEE levels seem to differ markedly according to the assessment method. Adult populations where PAEE has been assessed by heart rate monitors alone ([@B9]) show higher PAEE levels than adult populations where PAEE has been assessed by accelerometry alone ([@B31]). This is consistent with the known disadvantages of the heart rate and accelerometer monitors, where heart rate monitors tend to overestimate PAEE and accelerometers tend to underestimate PAEE as compared with gold standard methods. In a healthy Danish sample (mean age, 58 years), the median ActiHeart-assessed PAEE level was found to be 40 kJ/kg/day ([@B32]). In the U.K., the PAEE levels were somewhat lower (35 kJ/kg/day) in a slightly older population ([@B32]). Thus, when taking the population-specific characteristics into account (age and anthropometric measures), our results are comparable with those of other studies using combined heart rate and accelerometry to estimate PAEE level.

In accordance with other findings in aging populations ([@B33]), the most prevalent leisure time PAs included walking, gardening, and cycling. Time spent in different PA intensity categories was consistent with reports from other western populations ([@B3],[@B4]). We saw a tendency toward more time spent in lower PA intensities, possibly due to the slightly older population and the fact that the majority of the population consisted of individuals with a higher diabetes risk score (performed at screening), which included physical inactivity. The majority of the population was reported to have low PA levels in leisure time, consisting of mainly household activities and some physical movement (≥4 h per week). This reveals a population where PAEE is mainly composed of "daily activities" rather than by regular exercise sessions.

PAEE and glucose homeostasis {#s13}
----------------------------

Heart rate-- and accelerometer-measured PAEE in daily life was positively associated with peripheral insulin sensitivity (ISI~0,120~) and negatively associated with 2-h insulin response after a glucose load. Our findings are consistent with those of other studies using accelerometer- ([@B4]) and questionnaire-based ([@B34]) estimates of PAEE. Others have found higher PA levels (as measured by questionnaire as well as by heart rate monitors and accelerometry) to be associated with lower HOMA-IR ([@B35]), fasting serum insulin ([@B1]), and 2-h plasma glucose levels ([@B32]) even when adjusting for body composition measures. In our study, when additionally adjusting analyses for waist circumference, the associations with fasting and 30-min plasma insulin levels, HOMA-IR, and 2-h plasma glucose levels were attenuated and lost statistical significance, probably due to the small effect size in this elderly population performing mainly sedentary activities and light-intensity PA. Recent findings suggest that moderate to intensive exercise is not sufficient to improve insulin sensitivity if performed less than two times per week, but is associated with an increased skeletal muscular flux through ATP synthase, possibly due to genetic predisposition ([@B36]). Our findings are based on models including the total PA volume (PAEE, including intensity, duration, and frequency), and as such, the positive association between insulin sensitivity and PAEE could be due to a combination of higher PA intensity, duration, or frequency, in addition to genetic predisposition to respond to exercise. The reported 10 kJ/kg/day increment in PAEE level (which would approximate 1 h of walking with a pace of 3.2 km/h for a person weighing 73 kg) would result in a 1% increment in peripheral insulin sensitivity, a small, but clinically relevant, increment if seen in conjunction with other metabolic improvements and nonmetabolic benefits of being physically active. We did not find any association of PAEE with indices of the β-cell function (DI and insulinogenic index) or with measures of long-term glycemia (HbA~1c~ and AGE~skin~), indicating that peripheral glucose uptake is the most important with regards to explaining the association of PAEE with glucose homeostasis in people performing mainly light-intensity PA. A recent study found that people with high self-reported PA levels have higher DI, indicating an improved ability of the β-cells to compensate for insulin resistance ([@B37]), possibly due to stimulation of β-cell proliferation and prevention of apoptosis, resulting in an expanded β-cell mass. However, the conflicting results with our findings might be due to differences in population-specific characteristics and to the fact that the aforementioned population had significantly higher PA levels (although self-reported). The failure to show any association of PAEE with HbA~1c~ might be due to the fact that HbA~1c~ is a more stable measure of glucose homeostasis in contrast to glucose or insulin, since it is a measure of long-term glycemia. Likewise, AGE~skin~ is a measure of the even longer-term load of protein glycation. This could indicate that PA must be performed on a regular basis, in a longer period, or with a higher intensity to be able to show any associations with HbA~1c~ or AGE~skin~. This is in line with other studies that show that high-volume but not low-volume exercise is associated with a decrease in HbA~1c~ ([@B11]). We are not aware of any studies investigating the association of PA with AGEs~skin~. However, AGEs have been suggested to be related to hyperglycemia-induced micro- and macrovascular disease in diabetes ([@B14]), and as such, might be associated with higher PA intensity and higher cardiorespiratory fitness.

Glucose uptake and insulin response during the OGTT {#s14}
---------------------------------------------------

Our models, although cross-sectional, indicate that an increment in PAEE level would result in a more rapid decline in glucose concentrations from 30 to 120 min after the OGTT ([Fig. 1*A*](#F1){ref-type="fig"}) rather than in differences in fasting or 30-min glucose levels. This finding is in line with laboratory studies showing that people with high PA have better glucose uptake than people with a lower PA level ([@B38]), due to the increased glucose transport activity in skeletal muscles as a response to muscle contraction. Furthermore, the effects of PA on peripheral insulin sensitivity have, in laboratory studies and exercise interventions, been suggested to be mainly due to an increased oxidative capacity and mitochondrial function in muscles ([@B39]). As such, despite starting at almost the same fasting plasma glucose levels and ending with slightly different 2-h plasma glucose levels by different PAEE levels, our results suggest that people with a higher PAEE level spend less time at the highest level of concentrations of circulating glucose. The initial insulin response to glucose load was almost the same (equally steep slope) for all PAEE levels ([Fig. 1*B*](#F1){ref-type="fig"}). However, 2-h insulin seemed to be lower for higher PAEE levels and with a slightly steeper slope from 30 to 120 min, probably due to a higher insulin action in people with a high PAEE level since they are more likely to have higher peripheral insulin sensitivity ([Table 3](#T3){ref-type="table"}).

We found that only ISI~0,120~ and 2-h insulin levels were associated with PAEE, after examining several detailed measures of glucose homeostasis, including derived indices. Although the associations found were modest in magnitude, it is encouraging that these differences are observable even within a population with only modest PA levels. This indicates that even without high-intensity exercise, aiming to increase the overall level of PAEE by small but reasonable amounts in an entire population at risk for developing type 2 diabetes may be a realistic and worthwhile goal to aim for from a public health perspective.

Strengths and limitations {#s15}
-------------------------

A major strength of this study is the large number of participants with objectively measured PA during daily living. Although the population approach hindered the use of gold standard methods of glucose regulation (e.g., the use of a euglycemic clamp test to determine insulin sensitivity), we did obtain the most precise measures of glucose homeostasis achievable in an epidemiological setting. However, measures derived from the OGTT can be confounded by physiological factors separate from insulin itself. For example, prolonged gut glucose absorption, during an OGTT, results in higher plasma glucose values at the end of the OGTT. Thus, although the derived indices from the OGTT are modeled using validated formulas taking into account several physiological factors, they should be interpreted carefully as they are estimated, rather than actually measured, values. We examined the association of objectively measured PAEE with glucose homeostasis markers in a population with different risk profiles for developing type 2 diabetes. Since participants were invited and included in the study according to their diabetes risk, their PA level could potentially be affected by their risk status, as participants with different risk status could have been approached differently by their general practitioners regarding prevention strategies for type 2 diabetes (e.g., advice on enhancing PA level). To account for this, we adjusted for baseline diabetes risk group as a surrogate measure of the participant's clinical history. Even though this could potentially have resulted in over-adjustments of the analysis, our results are more likely to be generalizable to other populations when including the adjustments. Although based on objective measurements, the obtained PAEE levels are the results of estimations by modeling heart rate and accelerometry data. Hence, PAEE is not measured directly. Lastly, because of the cross-sectional design of the current study, we cannot be sure about the directions of causality of the associations found.

In spite of the above-listed limitations, our study adds to previous investigations of the relationship of PA with glucose homeostasis: detailed measures of glucose homeostasis and long-term glycemia and robust measures of objectively measured PAEE in an epidemiological setting. Even in an elderly population with relatively low levels of PA, performed mainly during daily activities, we found a positive association of heart rate and accelerometer-assessed PAEE with insulin sensitivity and a negative association with insulin concentration 2 h after a glucose load. Although our findings are cross-sectional, they indicate that even without high-intensity exercise, increasing the overall level of PAEE slightly in an entire population at risk for developing type 2 diabetes may be a realistic and worthwhile goal, when aiming to achieve beneficial effects in terms of glucose metabolism. When looking into the activities of the elderly population, suggestions to increase the overall PAEE level could include brisk walking, cycling, and in general, increased activity levels during home-based activities.

This article contains Supplementary Data online at <http://care.diabetesjournals.org/lookup/suppl/doi:10.2337/dc12-2671/-/DC1>.
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